The preferred tectonic model for the Penokean orogeny involves back-arc rifting of the southern Superior Province during a major period of Penokean orogenesis, followed by collision of the Marshfield terrane to the south, which was also intruded by Penokean-age magmas. In addition to the isotopic and geochronology data presented here, this model is supported by gravity data which indicate the presence of low-density material (probably Archean crust) south of the Niagara fault; this feature is interpreted to be a buried extension of the southern margin of the Superior Province beneath the PembineWausau terrane. During the Penokean orogeny, synorogenic intrusive rocks acquired their isotope compositions through direct interaction with Archean crust.
INTRODUCTION
The Penokean orogen (1.89-1.82 Ga) is one of many circum-Superior Province Paleoproterozoic orogenic belts. In Wisconsin the orogen has been divided into two magmatic terranes ( Fig. 1 ): a northern, PembineWausau terrane, and a southern, Marshfield terrane . U/Pb zircon ages as old as 3.2 Ga have been found in the Marshfield terrane (Van Schmus and Anderson, 1977; Sims et al., 1989; Van Wyck and Johnson, 1992) , and the southern margin of the Superior Province contains crust as old as 3.6 Ga (Kinny et al., 1991) . The occurrence of Archean crust north and south of the Penokean orogen led to the suggestion that the orogen was predominantly reworked older crust (Sims, 1976) ; however, more recent interpretations of the orogen in Wisconsin have interpreted the Pembine-Wausau terrane as a juvenile island-arc sequence that is distinct from the southern Marshfield terrane, in agreement with the earlier work of Van Schmus (1976) . During the Penokean orogeny widespread igneous intrusive rocks were emplaced in both terranes. These rocks are geochemically and petrologically distinct, and are referred to as the calc-alkaline (synorogenic) suite (1890 ( -1825 . Following amalgamation, magmatic activity continued within the Wisconsin magmatic terranes, including generation of a second suite of plutons throughout both terranes, referred to by Sims et al. (1989 Sims et al. ( , 1993 as an alkali-granite suite (ca. 1835 Ma). Earlier workers considered the late alkali-granite suite to mark the end of the Penokean orogeny, although there is an overlap in ages.
The boundary between the Superior Province and the Pembine-Wausau is the Niagara fault ( Fig. 1) , which is interpreted to be a steeply dipping structure (Larue and Ueng, 1985) . Volcanic and intrusive rocks south of this fault are thought to have been constructed on juvenile basement rocks that were recently extracted from the Paleoproterozoic mantle . All published U/Pb zircon ages range from 1.89 to 1.86 Ga for intrusive rocks within the Pembine-Wausau terrane , although Nd isotope studies indicate depleted-mantle ages ranging from 1.85 to 2.3 Ga (Nelson and DePaolo, 1985; Barovich et al., 1989) , suggesting variable incorporation of older crustal components. Barovich et al. (1989) interpreted Nd isotope data for the Pembine-Wausau intrusive rocks to reflect variable amounts of mixing of Archean sediment with depleted Paleoproterozoic mantle. Common lead isotope studies on galenas from massive sulfide deposits in the northern portion of the Pembine-Wausau terrane indicate involvement of an Archean crustal component (Afifi et al., 1984) . The tectonic model of Sims et al. (1989) therefore poses a problem: if the 799 Common lead, Sm-Nd, and U-Pb constraints on petrogenesis, crustal architecture, and tectonic setting of the Penokean orogeny (Paleoproterozoic) in Wisconsin Pembine-Wausau is a juvenile island-arc terrane, how did it acquire the ancient crustal component indicated by the radiogenic isotope data? This paper will examine the chemical and isotopic compositions of intrusive rocks throughout the Pembine-Wausau and Marshfield magmatic terranes. Data on major and trace element geochemistry are presented elsewhere (Van Wyck, 1995) . In this paper we focus on Nd and Pb isotopes from the synorogenic suite, together with geochronologic data, to support a revised model of the tectonic setting of the Penokean orogeny and address the mechanism by which synorogenic plutons acquired their distinctive isotopic ratios.
Analytical Methods
Feldspar separates from basement gneisses and Penokean intrusive rocks that were used for Nd isotope work were analyzed for common lead isotope compositions. Feldspars that were collected from "gold table" washes during zircon extraction and were further concentrated by a combination of magnetic, heavy liquids and handpicking techniques. It has been demonstrated by numerous workers that direct analyses of lead derived from Precambrian feldspars are more radiogenic than the true initial compositions (e.g., Ludwig and Silver, 1977) . Methods have been developed to reduce this problem and for this study the leaching technique described by Housh and Bowring (1991) was employed. During the course of the common lead study the maximum procedural Pb blank was 280 pg, but averaged 100 pg, and is a negligible contribution to the measured Pb. Lead was run on single Re filaments with silica gel and phosphoric acid. Measured values were corrected for mass fractionation of +0.12% per a.m.u. (atomic mass units), based on repeated measurements of NBS (National Bureau of Standards) 981 and 982 lead standards.
Whole-rock powders used for Nd isotope analysis were prepared either from splits of larger volume samples utilized for heavy mineral separation, or from at least 3 kg of fresh rock fragments. Grinding and powdering was done in ceramic mills. A mixed REE (rare earth element) spike was added prior to dissolution in a mixture of HF-HNO 3 in Teflon bombs for one week at 180°C. After conversion of fluoride residue with HCl, all samples were checked for insoluble residues. If any were present the procedure was repeated until complete dissolution occurred. Bulk extraction of the REE from the whole-rock matrix was first performed using HCl on cation exchange columns. REEs were separated using 2-methyllactic acid on cation exchange columns. Nd isotope ratios were measured on a six collector Vacuum Generators Sector 54 mass-spectrometer, using dynamic multiple collection. Nd was analyzed as NdO + using single Re filaments with silica gel and phosphoric acid. Samples were run for 100 ratios with a 144 Nd 16 O intensity of 1 × 10 -11 A. Nd isotope ratios were corrected for mass fractionation relative to 146 Nd/ 144 Nd = 0.7219 using a power law; oxygen isotope ratios were corrected using 18 Nd = 0.1967 (Jacobsen and Wasserburg, 1980) , as calculated from our analyses of the BCR-1 and La Jolla Nd standards.
Zircons used in U/Pb geochronology were analyzed by two methods: conventional U/Pb (dissolution and spiking) and single zircon, direct evaporation (Kober, 1986 (Kober, , 1987 . Conventional analyses were performed on abraded and hand-picked fractions using zircon sample sizes ranging from 0.94 to 0.08 mg. Dissolution was done in Teflon microbombs loaded inside a single Parr bomb. Following dissolution, samples processed in the first part of this study were aliquoted and one fraction spiked with a mixed 235 U-208 Pb spike. U and Pb were separated on ion-exchange columns in HCl. During the study total lead blanks averaged 20 pg. Lead isotope ratios were measured using single Re filaments with silica gel and phosphoric acid. Measured Pb isotope ratios were corrected for mass fractionation of +0.12%, based on repeated measurements of NBS 981 and 982 lead standards. U was run on single Re filaments with graphite, and standards run in a similar manner showed that no fractionation correction needed to be applied. Data were reduced and plotted using the computer programs PBDAT and ISOPLOT (Ludwig, 1991a (Ludwig, , 1991b .
Single zircon direct evaporation analysis was done using single grains embedded into Re filaments and run as a double filament geometry. After degassing the ionization filament and removal of any low temperature lead, the evaporation filament (which contained the embedded zircon) was raised to ≈1550°C, where the first lead ion beam was found. Evaporation temperature was held for 15 min, followed by a decrease in evaporation filament temperature and analysis of the deposited lead on the ionization filament. Evaporation temperature was sequentially raised approximately 50°C (≈0.2 amp current), and generally four evaporation steps were obtained (>30 ratios/step). No mass fractionation correction was made to the evaporation data. Assuming a mass fractionation of ±0.1%, this would introduce an uncertainty of 2 m.y. for measured 207 Pb/ 206 Pb ratios from Penokean-aged rocks. A complete description of all analytical procedures was given by Van Wyck (1995) .
Radiogenic Isotopes
Whole-rock Nd isotope compositions and, where possible, initial common lead isotope compositions of feldspars were measured for samples analyzed for major and trace element compositions (Van Wyck, 1995) . Samples were collected over a wide geographical region to maximize coverage, and to add to the existing regional database (Barovich et al., 1989) . Sample descriptions and locations are given in Table DR1 Stacey and Kramers (1975) average crust of 2.0-1.8 Ga to exceptionally high 207 Pb/ 204 Pb ratios (Fig. 2) . The pronounced enrichment in 207 Pb can only be explained by the incorporation of Archean lead which formed at a time in Earth's history when 235 U was more abundant, and the most likely reservoir is Archean continental crust. The synorogenic pluton array is interpreted to reflect mixing between a high 207 Pb Archean crustal component and a depleted source (low 207 Pb) that could be either the mantle of Penokean age or a separate crustal reservoir (Fig. 2) . The steep Pb/ 204 Pb array cannot represent the isochron age (4580 Ma) for the synorogenic Penokean suite, and therefore has to reflect a mixing array.
Also plotted in Figure 2 are lead isotopic ratios for galenas from the Pembine-Wausau terrane (Afifi et al., 1984) . The galenas were collected from volcanogenic massive sulfide deposits located in the northern portion of the state and are not directly related to the synorogenic intrusive rocks. However, the galenas are significant because they probably represent the average of Pb isotope compositions of the source regions better than do the intrusive rocks. The remarkably similar Pb trends of the Wisconsin ore leads and synorogenic Penokean plutons suggest that the shaded field represents the regional crustal isotopic composition, and that the array is the result of mixing between crustal components. This is because it is difficult to imagine a situation where both ore Pb and the Pb from synorogenic crustal rocks can both represent mantle Pb. Furthermore, the array does not represent the range of isotopic compositions of the mantle at the time of the Penokean orogeny.
It is important to note that Pb isotope compositions for synorogenic plutons in both the Pembine-Wausau and Marshfield terranes plot along the same mixing array. Data for three pre-Penokean gneisses from the Marshfield terrane (2.8-2.5 Ga) plot at less radiogenic isotope compositions ( Fig. 2) than estimates for the southern Superior Province. It is possible that provincial differences in the geologic history of the Marshfield terrane may be reflected as a characteristically low Pb/ 204 Pb component, whereas the radiogenic component is more typical of the Superior Province or Minnesota River Valley basement, which, because of the antiquity of these regions, are the most likely to have relatively high 207 Pb abundances. Alternatively, the Marshfield terrane is a similarly ancient crustal block with a lower U/Pb ratio due to bulk chemical differences. This type of crustal heterogeneity is common; a local example illustrating this point would be the northern and southern complexes in the Michigan Upper Peninsular region-although they are both in the Superior Province, they are characterized by different types and ages of intrusive rocks. Whatever the cause for the differences, it is notable that Penokean plutons intruded into the Marshfield terrane do not approach the elevated 207 Pb/ 204 Pb-206 Pb/ 204 Pb ratios measured in Penokean intrusive rocks within the northern Pembine-Wausau terrane, and it is interpreted that the two terranes constitute separate crustal Pb reservoirs. Both of these reservoirs have mixed with a single, low 207 Pb/ 204 Pb reservoir that has a composition equivalent to the mantle during Penokean time. The array is interpreted to have formed by mixing between a juvenile mantle-derived arc basement component and a In contrast to synorogenic intrusive rocks, members of the alkali-granite suites define a different Pb/ 204 Pb array (Fig. 2) . Almost all samples are more radiogenic than the synorogenic suite as a group, and plot to the right of Stacey-Kramers crust at 1.8 Ga. As a group they also define an array that has a low 207 Pb slope suggesting that the postPenokean group of rocks underwent open-system behavior, resulting in disturbance of the Pb isotope ratios in feldspars. Why this is so is not clear, but one explanation is that as a group these rocks are high crustal level plutons and may have been exposed to greater hydrothermal alteration and Pb mobility than the synorogenic suite. Typically the feldspars in these samples are sericitized, oxidized, and not as fresh as feldspars in synorogenic plutons. Even if alteration occurred early in the history of these plutons, and therefore would have limited effect on disturbing the initial radiogenic ratios, altered feldspars would continue to provide a pathway for continued exchange during later events. It is noteworthy that the post-Penokean rocks contain significant U-rich accessory minerals, which are a likely source for radiogenic lead in the feldspars. Major and trace element compositions of these plutons are distinct from synorogenic plutons, and these plutons are interpreted to have formed primarily as crustal melts during the later stages of the Penokean orogeny Van Wyck, 1995) .
It is useful to highlight enrichments in 207 Pb relative to average crust (Stacey and Kramers, 1975) as the parameter ∆7/4 (Fig. 3) , which is the difference between the measured 207 Pb/ 204 Pb and that of the Stacey-Kramers average crust model at the measured 206 Pb/ 204 Pb. Samples that plot above Stacey-Kramers will be expressed as positive ∆7/4, those that lie below by negative numbers. The ∆7/4 is particularly useful for Precambrian rocks, where it may be difficult to remove in situ-generated Pb in feldspars; the ∆7/4 parameter removes most effects of late in situ-generated Pb during the Proterozoic and younger times, because such effects increase the 206 Pb/ 204 Pb ratios the most.
The ∆7/4 values scatter between our hypothesized end members (high ∆7/4 = Superior Province, low ∆7/4 = primitive arc basement). Sample PRV1, which will be discussed further in the U/Pb geochronology section, is an Archean gneiss found south of the Niagara fault that is interpreted to represent a fragment of Superior Province crust ( Table 2 ). The lead isotope compositions (high ∆7/4) for PRV1 are similar to those expected for Archean crust that contains a very old (>3.6 Ga) recycled lead component. Zircon ages as great as 3636 Ma (Kinny et al., 1991) for the nearby Watersmeet Gneiss provide direct evidence for the presence of old crust that could have also evolved to high 207 Pb/ 204 Pb, although published common lead data for this part of the Superior Province are not available. Exposed Marshfield terrane rocks of Archean age have low ∆7/4 isotope compositions, as shown in Figures 2 and 3 . Penokean orogenic rocks in the Marshfield terrane have ∆7/4 that cluster near those of exposed Archean rocks, but also show a trend of increasing ∆7/4 with increasing latitude, perhaps reflecting an increasing Superior Province Pb component (Fig. 3) . The ∆7/4 values for Penokean orogenic rocks in the Pembine-Wausau terrane also demonstrate mixing of Superior Province (high ∆7/4) as a function of latitude (Fig. 3) . We interpret this result to indicate that the distribution of Superior Province Pb was not uniform throughout the PembineWausau terrane, and is discussed further in the tectonic section of the paper.
Nd Isotope Data. The neodymium isotope compositions determined in this study (Table 1 ) have a range similar to those determined by Barovich et al. (1989) , who documented a general increase in the ε Nd with increasing distance southward from the Superior Province within the PembineWausau terrane (Fig. 4) . The correlation is somewhat scattered because the entire range of ε Nd values is found in northern Pembine-Wausau rocks that lie immediately south of the Niagara fault, similar to the variations in Pb isotope data discussed above (Fig. 3) . The additional data presented here highlight a break in the ε Nd -latitude trend at the Eau Pleine shear zone, which separates the Pembine-Wausau from the Marshfield terrane. The average ε Nd value of synorogenic and post-Penokean plutons in the Marshfield terrane is lower than that in the Pembine-Wausau terrane, suggesting that the exposed Archean crust that is as old as 3.2 Ga (Van Schmus and Anderson, 1977; Sims et al., 1989; Van Wyck and Johnson, 1992) in the Marshfield terrane has contributed substantial Nd to Penokean plutons in the south. Plutons that intruded into the Pembine-Wausau directly north of the Eau Pleine shear zone have markedly higher ε Nd values, indicating that there is probably little Archean crust beneath the southernmost PembineWausau terrane. That Penokean plutons in the northern part of the PembineWausau terrane (at approximately 46°N; Fig. 4 ) have a wide range in ε Nd values suggests that some plutons contain large Archean components (low ε Nd ), whereas others that have high ε Nd ascended to their exposed levels with little interaction with Archean crust. We emphasize that the trend of the lower limit of ε Nd values at a given latitude in the Pembine-Wausau terrane is likely to reflect the basement crustal compositions, given that the lowest ε Nd value plutons have the greatest crustal component.
U/Pb Geochronology
The lack of known exposures of Archean rocks in the Pembine-Wausau terrane led Sims and coworkers at the time to consider this terrane to have formed largely from a primitive arc in the Paleoproterozoic, and this model was highly influential in interpreting early Nd isotope data to reflect crustmantle mixing, possibly through contamination of the mantle wedge in Paleoproterozoic subduction zones by subducted Archean sediments from the Superior craton (Barovich et al., 1989) . Although Nd model ages are as old as 2.28 Ga, indicating some older crustal component, the oldest U/Pb zircon age in the Pembine-Wausau terrane found prior to this study is 1862 Ma . However, data presented here and discussed above suggest that Archean crust underlies both the Pembine-Wausau and Marshfield terranes (excepting perhaps the southernmost Pembine-Wausau terrane, where ε Nd values are highest for Penokean rocks; Fig. 4) .
The strongly foliated tonalite gneiss sample PRV1 is part of map unit Xgg described as "granite-tonalite . . . and composes gneiss-granitoid domes" (Sims, 1990, map) . The sample location was 14 km south of the mapped trace of the Niagara fault and well within the Pembine-Wausau terrane. Zircons from the sample were analyzed both by conventional dissolution techniques and by single zircon evaporation. Conventional U/Pb analyses of multiple grains, both abraded and nonabraded, and of differing grain-size fractions, all give a consistent crystallization age of 2607 ± 22 Ma (Table 1 and Fig. 5 ). Single-grain evaporations confirm this age, although one grain (A) showed some evidence for slightly older evaporation ages at higher temperatures, and probably represents an inherited core within the zircon. The whole-rock Nd model age is 3.0 Ga, suggesting that this sample had a long and complex crustal history. There is no morphological evidence for multiple zircon populations in this sample and it is concluded that the sample is definitely Archean, with a crystallization age of 2.61 Ga or older; deformation and metamorphism probably occurred either during or prior to the Penokean orogeny.
The 2.6 Ga age is typical of many Late Archean units found along the southern margins of the Superior Province in northern Wisconsin and in the Michigan Upper Peninsular region. For example, the Carney Lake Gneiss, which is petrologically similar to PRV1, has a poorly constrained upper intercept U/Pb zircon age of 2.7 Ga (Bayley et al., 1966) . Other nearby examples include U/Pb zircon upper intercept ages for the Pilgrim Quartz Monzonite (2.735 Ga) (Sims et al., 1985b) , leucogranite in the Watersmeet dome (2.59 Ga) (Sims et al., 1985a) , and Granite Bluff Gneiss (2.66 Ga) (Aldrich et al., 1965) .
Implications of Archean Crust in the Pembine-Wausau Terrane
Two models may explain the presence of Archean crust south of the Niagara fault, which marks the exposed boundary of the Superior Province to the north and the Pembine-Wausau terrane to the south. Either exotic, non-Superior Province Archean crust exists within the Pembine-Wausau terrane as basement to the Paleoproterozoic magmatic arc, which until now was thought to be a completely juvenile arc terrane, or fragments or inliers of the Superior Province extend farther to the south than previously thought.
Nd and Pb isotope data from Penokean plutons over a large part of the Pembine-Wausau terrane strongly suggest that more Archean crust exists south of the Niagara fault and is more extensive than the single dated out- crop (PRV1) presented in this paper. The regional gravity data have been interpreted to indicate lower density crust, such as might be characteristic for Superior Province continental crust, could extend at least 70 km south of the Niagara fault (Attoh and Klasner, 1989) . In addition, Penokean orogenic rocks in the Pembine-Wausau terrane have ε Nd < 0 for as much as 100 km south of the Niagara fault, suggesting that Archean crust may extend southward beneath at least half of the Pembine-Wausau terrane. The alternative interpretation, that the low ε Nd values of Penokean rocks in the PembineWausau terrane simply reflect contamination of their mantle source region (Barovich et al., 1989) , is discounted on the basis of the geochronology data and the combined Nd-Pb isotope variations presented below.
DISCUSSION

Origin of Nd-Pb Isotope Variations
The large Nd isotope data set that is now available for 1.9-1.7 Ga crust in the Northern Hemisphere has often been interpreted to reflect a period of rapid crustal growth, as shown by the large area of crust that has Nd model ages that are close to the formation age of the crust (e.g., Nelson and DePaolo, 1985) . For those areas that have slightly older model ages, two interpretations can be made: (1) The crust has been recycled via intracrustal melting of earlier crust that had formation ages equal to that of the Nd model age (e.g., Bowring and Podosek, 1989) , or (2) mixing has occurred between crust that is much older than the model age and juvenile mantlederived material. Three contrasting models have been proposed for mixing, of which the first two are significant for this paper: (1) sedimentary material or older crust was assimilated by subduction-related magmas during ascent and emplacement into the crust (e.g., Patchett and Bridgewater, 1984; Kalsbeek and Taylor, 1985) , (2) the mantle source of arc magmas was contaminated by subducted sediment (e.g., White and Patchett, 1984) , and (3) sedimentary material that was melted during orogeny represents a homogenized mixture of juvenile arc-derived and craton-derived material (e.g., Chauvel et al., 1987) .
Combined Nd and Pb isotope variations can distinguish between these models because of the markedly different Nd/Pb ratios of the crust and mantle. Although the lack of evidence for inherited zircons in PembineWausau Penokean plutons, or prior direct evidence for older crust, led Barovich et al. (1989) to propose a mantle source that was contaminated by sediments as the process for incorporation of Archean Nd in Penokean magmas, it is proposed here that old crust has been underthrust beneath the Pembine-Wausau terrane prior to Penokean magmatism and ore deposition. An increasing volume of Archean crust beneath the Pembine-Wausau terrane northward would explain the general trend of lower ε Nd values to the north (Fig. 4) . That plutons with high ε Nd values were emplaced in the north and south parts of the Pembine-Wausau terrane probably reflects the fact that relatively uncontaminated mantle-derived magmas intruded through the orogenic belt, which is commonly seen in other orogenic terranes. This results in the trend of ε Nd against latitude that is wedge-shaped and not linear. Mixing between two crustal reservoirs, as opposed to mixing between crust and mantle (such as subduction of sediments into the mantle; Barovich et al., 1989) , is supported by Nd-Pb isotope variations (Fig. 6) . Because of large differences in Nd/Pb concentration ratios of the crust and mantle, mixing between these two sources will lie on a curved array. Conversely, mixing or assimilation-fractionational crystallization (DePaolo, 1981) of evolved melts with crust will define a straight array.
Common lead isotope data indicate that pre-Penokean gneisses from the Marshfield terrane have lower ∆7/4 values than the one known Archean gneiss from northern Wisconsin (PRV1); consequently, the model employs different 207 Pb/ 204 Pb end members for the two crustal terranes. Because post-Penokean thermal events have variably increased 206 Pb/ 204 Pb ratios in some feldspars (Fig. 2) , ∆7/4 values are used in the mixing calculations. The ∆7/4-ε Nd variations for intrusive rocks from the Marshfield and the Pembine-Wausau terranes can be described as lying between two lines that are suggestive of interaction with different crust with different ∆7/4 values, but a common ∆7/4 for the mantle (Fig. 6 ). For the mantle component, we have chosen a ∆7/4 that is -0.20 (below the Stacey-Kramers curve), consistent with estimates of the depleted Superior mantle (Arth and Hanson, 1975) . However, depleted mantle of ε Nd = +6 and ∆7/4 = 0 is also consistent with the near-horizontal overall trend defined by the plutons. The significance of this model lies not in the end-member compositions used, but the data array predicted, and the steep, curved array showing a large variation in ∆7/4 at relative fixed ε Nd is not seen, suggesting that crust-mantle mixing cannot explain the data. It is important to note that in the case of intracrustal mixing (Fig. 6) , we envision the mantle component to represent primitive Proterozoic arc crust that would have Pb and Nd isotope compositions, but not concentrations, indistinguishable from those of the Proterozoic mantle. Barovich et al. (1989) concluded that most of the Pembine-Wausau terrane consists of juvenile crust that formed during the Penokean orogeny, and that significant contributions of older crustal material were only added in the northern portions to the mantle via subduction of sediment. Nelson and DePaolo (1985) , using a much smaller data set, recognized an older component in the Penokean orogenic rocks, on the basis of calculated Nd model ages between 2.0 and 2.3 Ga. The intracrustal mixing model we prefer alleviates difficulties with requiring excessive sediment input into the mantle, whereas as much as 30% of Archean sediment was required in the sediment subduction models (Barovich et al., 1989) . Intracrustal mixing is in agreement with trace element models that suggest that some Penokean tonalites in the Marshfield terrane represent mixing of an Archean crustal component with mantle-derived melts (Anderson and Cullers, 1987) .
Crustal growth models that call upon extensive crustal contamination of the mantle require only small amounts of recycled older crust, and in turn support models for rapid production of new continental crust during the Proterozoic (e.g., Patchett and Bridgewater, 1984) ; alternatively, such a model may significantly underestimate the presence of buried older crust (e.g., Pallister et al., 1990) . Our study indicates that older crust exists within the basement of the Pembine-Wausau terrane, and has either been largely recycled or lies buried from direct observation by younger Penokean rocks. Greater proportions of Archean crust were incorporated in Penokean magmas emplaced in the Marshfield terrane. This suggests that crustal growth rates in the Wisconsin sector of the Penokean orogeny could be significantly overestimated if a model that calls upon mantle contamination is chosen over one that requires intracrustal recycling and the presence of older, buried crust.
Tectonic Synthesis
Outcrop distribution, Nd and common Pb isotope compositions, and U/Pb geochronology identify Archean crust in the northern PembineWausau terrane, the proportion of which apparently decreases southward to the suture with the southern Marshfield terrane. A contour map of ε Nd values of Penokean rocks indicates that an 80-km-long, northwest-trending belt of high ε Nd that lies along the southern margin of the Pembine-Wausau terrane (Fig. 7) . We interpret this belt as a juvenile magmatic arc that developed over an area of little or no preexisting Archean crust. On both sides of this belt are either Archean rocks in outcrop, or strong evidence for them in the Pb and Nd signatures of Penokean plutons. There is little evidence to suggest that the Archean crust in the Pembine-Wausau terrane is a rifted and dismembered margin of the southern Superior Province, because neither the gravity data (Attoh and Klasner, 1989) nor the isotopic data show a pronounced break. The possibility that the Marshfield terrane is a rifted, dismembered fragment of the Superior Province is feasible, although the provinciality of Pb in the Marshfield terrane compared to the Superior Province suggests, but does not prove, that the two areas represent fundamentally different crust.
We do not consider that the Niagara fault is a major terrane-bounding fault, given the evidence for Archean Superior Province basement extending south of the fault. In contrast, the Eau Pleine shear zone is a major structure that lies between the dominantly magmatic arc in the southern PembineWausau terrane and the Marshfield Archean crustal block. Because of the dramatic step in ε Nd values of Penokean plutons as the Eau Pleine shear zone is crossed (Fig. 7) , we envision the Marshfield and Pembine-Wausau terranes to have been separated until the last stages of the Penokean orogeny.
Our tectonic model for the Penokean magmatic arc (Fig. 8) Table 1 ). This is interpreted to indicate that arc magmatism was developed on Archean crust early in the formation of the Penokean volcanic arc, and argues against tectonic models that have an early formed, juvenile volcanic arc thrust over Archean crust in late arc development. Caution must be applied to this interpretation; the geochronology database for the Penokean consists mostly of published U/Pb zircon ages based only on concordia intercepts . If plutons of any age were extensively contaminated with older crust, one would predict that zircon inheritance could lead to older calculated ages, and this problem would be further compounded by analyses using multiple zircon grains. Additional single grain U/Pb zircon geochronology data will be needed to adequately address this question in the future.
The tectonic model proposed here allows an appealing explanation of how Archean crustal components may be incorporated in mantle-derived magmas throughout the northern Pembine-Wausau terrane, and it permits correlation to exposed Archean crust in the Superior Province. It also suggests a comparison to the Kuroko-type volcanogenic massive sulfide deposits (Ohmoto and Skinner, 1983 ) as a modern analog for the economic deposits located in this region. A back-arc model has similarly been suggested for the Penokean in Minnesota (Hemming et al., 1995) . The model allows for the synchronous emplacement of Penokean plutons in the Marshfield terrane while allowing magmatism to continue after ending in the Pembine-Wausau terrane until 1825 Ma.
CONCLUSIONS
Neodymium and common Pb isotope ratios of synorogenic intrusive rocks indicate the presence of an older crustal component throughout the Penokean orogenic zone in Wisconsin. For the lowest ε Nd plutons at a given latitude in the Pembine-Wausau terrane, there is a clear decrease in the initial ε Nd value toward the Superior Province. This trend is interpreted to reflect increasing amounts of contamination of synorogenic plutons by Archean crustal basement, and in turn reflects an increasing proportion of Archean crust at depth. Synorogenic plutons also record a sharp increase crossing the suture between the Pembine-Wausau and Marshfield terranes-the Eau Pleine shear zone-where there is a pronounced shift back toward lower ε Nd values southward into the Marshfield terrane. Feldspar Pb isotope ratios in synorogenic intrusive rocks form a mixing array between an old Pb reservoir, interpreted to be Archean crust, and the mantle; in the case of the preferred intracrustal mixing model, the mantle component is probably mafic arc crust. A mixing model, based on Nd and Pb concentrations and isotopic ratios, indicates that synorogenic plutons acquired their isotopic ratios through interaction with crust, rather than through contamination of the source region by sediment subduction. Such conclusions have important implications for crustal growth models and the origin of "ancient Nd" in Precambrian orogenic systems.
Gravity data support our model for low-density continental crust of the Superior Province beneath the Pembine-Wausau terrane. In addition, this study presents the first direct identification of Archean crust cropping out within the Pembine-Wausau terrane (U/Pb zircon age of 2607 ± 22 Ma).
Our preferred tectonic model for the Penokean orogeny involves subduction and development of a back-arc basin on Archean crust (Superior Province) in the northern portion of the Pembine-Wausau terrane. During this event calc-alkalic plutons acquired ancient Pb and Nd isotopic compositions through direct interaction with Archean crust of the Superior Province in the Pembine-Wausau terrane, as well as the local Archean crust in the Marshfield terrane. Following crustal thickening, heating, and melting during the Penokean orogeny, an alkali-granite suite was emplaced after suturing of the Pembine-Wausau and Marshfield terranes. 
